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ABSTRACT
This paper introduces a new spreadsheet tool for adoption by high school or college level physics teachers who
use common assessments in a pre-instruction/post-instruction mode to diagnose student learning and teaching
effectiveness. The spreadsheet creates a simple matrix that identifies the percentage of students who select each
possible pre-/post-test answer combination on each question of the diagnostic exam. Leveraging analysis of the
quality of the incorrect answer choices, one can order the answer choices from worst to best (i.e., correct), resulting in
“transition matrices” that can provide deeper insight into student learning and the success or failure of the pedagogical
approach than traditional analyses that employ dichotomous scoring.
The Force Concept Inventory
Among a number of important assessment instruments emerging from the PER community1–5—a more complete list is
available at PhysPort6—the Force Concept Inventory (FCI)7 has become the most widely used test of student knowledge
and physics instruction quality in Newtonian mechanics. We focus our analysis in this paper on college-level student
data from the FCI in the sections of the Rice University calculus-based, pre-medical version of the introductory physics
course taught by the lead author (2000 – 2003). The version of the FCI used in this study appears in Mazur’s Peer
Instruction8 and includes 30 multiple-choice questions with five answer choices for each question.
The FCI was designed to incorporate common misconceptions, so the incorrect answer choices attract students
lacking a full understanding of the concepts. Dedic et al.9 provides evidence that response patterns on the FCI form seven
reasoning-groups. Transitions between these groups are correlated with the level of understanding of the students, with a
clear hierarchy among the groups in evidence. They posit that the incorrect answers on the FCI are not equivalent. This
finding was confirmed by Morris et al.10 using the item response curves analysis (IRC)11 to identify the functionality
of items on the FCI and to correlate particular answer choices with particular ranges of student understanding. They
found that for most questions on the FCI, a sequence of incorrect answer choices could be identified, ordered from
the lowest to the highest levels of understanding. Taken together, these two studies suggest that some of the attractive
incorrect answer choices on the FCI represent intermediate steps on the progression from a student ignorant of the
physics content to one who has mastered it.
Figure 1 is a reproduction of Question 18 on the FCI. Figure 2 provides an example of IRCs computed for Question
18 on the FCI using data from ∼ 500 Rice student tests. Each IRC relates the percentage of students at a given level of
understanding (total score) that selects each answer choice. As shown in Wang and Bao12, total score on the FCI is
strongly correlated with understanding of the material.
Construction of the Transition Matrix
We leverage the well-designed multiple choice items on the FCI to develop the idea of a transition matrix—a simple,
analytic tool that enables physics instructors to close the loop on assessment. Transition matrices can be thought of as an
adaptation of a two-observation/one-link Markov chain, where the sum of the all of the elements in the matrix is 100%.
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18. The figure below shows a boy
swinging on a rope, starting at a point
higher than A. Consider the follow-
ing distinct forces:
1. A downward force of gravity.
2. A force exerted by the rope
pointing from A to O.
3. A force in the direction of the
boy’s motion.
4. A force pointing from O to A.
Which of the above forces is (are) act-
ing on the boy when his is at position
A?
(A) 1 only.
(B) 1 and 2.
(C) 1 and 3.
(D) 1, 2, and 3.
(E) 1, 3, and 4.
Figure 1. Question 18 on the Force Concept Inventory
(FCI).7 Reproduced with permission of Dr. David Hestenes.
Figure 2. Item response curves (IRCs)11 for
Question 18 of the Force Concept Inventory (FCI)7
using data from students at Rice University taught by
the lead author (2000 – 2003). The different curves
correspond to the five different answer choices for
this item. The percent of students selecting each
answer choice is plotted as a function of total score
on the FCI, a proxy for student ability (a good
approximation for the FCI, as shown by Wang and
Bao12). Data are smoothed using a simple 3-bin
moving average (one-sided 2-bin average for the
endpoints). Data with total scores < 3 are not shown
given the small sample size.
Table 1 presents an example transition matrix corresponding to the pre- and post-instruction data from Rice
University students responding to Question 18 on the FCI. Each element in the transition matrix represents the
percentage of students who select a given answer choice to a specific item on the pre-test (the rows) and a given
answer choice to that same item on the post-test (the columns). The columns and rows of the transition matrix are
ordered with the “worst” incorrect answer choice in the top row and leftmost column, and the correct (best) answer
choice in the bottom row and rightmost column. The intermediate rows and columns are ordered here as suggested
by the IRCs in the 6000+ test database of Morris et al.10 The IRCs are constructed using data from University
students. While differences may exist if IRCs are constructed using data from other populations (e.g., high school
students), the statistics used to construct the IRCs should become stationary with sufficiently large populations under
the assumption that the relationship between particular answer choices and “Newtonian thinking” is independent
of background, level of study, demographics, and other population-specific measures (proof of this assumption is
beyond the bounds of this paper and will be addressed in a future analysis). Further, by ranking the answer choices
using the IRCs, we are not guaranteed that better answer choices represent being closer to Newtonian thinking.
Question 18 (Answer = B)
Post
Pre A C E D B
A 0.1% 0.1% 0.2% 0.4% 0.4%
C 0.2% 1.0% 0.8% 2.8% 3.6%
E 1.0% 1.2% 7.4% 18.4% 14.5%
D 0.4% 0.6% 1.6% 9.9% 18.0%
B 0.1% 0.2% 0.6% 1.8% 13.5%
Table 1. The transition matrix for Question 18 on the Force
Concept Inventory (FCI)7 using data from students at Rice
University taught by the lead author from 2000 – 2003.
In Dedic et al.9, students were more likely to transi-
tion to the best reasoning-group (Class 1—represent-
ing Newtonian thinking) from the third best reasoning
group (Class 3) rather than the second best reasoning
group (Class 2). In the transition matrix approach, the
transition rates for each answer choice of a question
are embedded in the transition matrix; higher rates of
transitioning to the correct answer may come from
a worse wrong answer than a better wrong answer.
Rather the ranking produced from the IRCs simply
relate the likelihood of selecting particular answer
choices to the total score on the FCI, the latter of
which corresponds to an evaluation of the level of
“Newtonian thinking” of the student.
2
Interpreting the Transition Matrix
In the transition matrix, a perfect learning outcome would result in 0s in all entries except those of the last column, with
the sum of the entries in the last column totaling 100%. At the other end of the spectrum, in a population in which no
learning took place (and students did not guess), all elements of the matrix would be 0 except those on the diagonal
(color coded in pink in Table 1), whose sum would be 100%. For an instructor, the latter result would be very troubling,
as it would suggest that instruction made no difference in the class’ level of understanding of the concept tested in that
item. The color-coding of the transition matrix (Table 1) enables instructors to quickly gauge changes in their students’
understanding. Elements above the diagonal (color coded in green) represent the students who moved to better answers
after instruction; elements below the diagonal (color coded in deep red) represent the students who moved to worse
incorrect answers after instruction. This transition matrix thus provides a great deal more information to the instructor
than dichotomous scoring, gain (pre-/post-test score difference), or the Hake normalized gain.13
Example Analysis of the Transition Matrices from a Question on the FCI
Table 2 is a derivative of the transition matrix in Table 1 that provides a summary of the results on Question 18. It
summarizes the transitions from an initial incorrect answer to the correct answer, a better incorrect answer, the same
incorrect answer, or a worse incorrect answer (from top to bottom). The instructor might not be heartened by the fact
that only 50% of students arrived at the correct answer post instruction (the sum of the entries in the right most column
of Table 1). The summary table for the transition matrix, however, shows that another 22.7% of students moved to a
better incorrect answer choice after instruction. One might argue that these students moved part of the way but did not
quite arrive at a complete understanding. Another positive observation from the matrix is that only 7.7% of students
who got the item incorrect initially moved to a worse answer choice after instruction, while 72.7% of those who got it
incorrect initially got it correct or moved to a better incorrect answer after instruction. Such detailed analysis of student
performance provides a richer assessment of student learning outcomes and teaching effectiveness.
Question 18 summary Transition raw normalized
pre correct 16.2% correct→ correct 13.5% 83.3%
pre incorrect 82.6% incorrect→ correct 36.5% 44.2%
incorrect→ better incorrect 22.7% 27.5%
post correct 50.0% kept incorrect 18.4% 22.3%
post incorrect 50.0% incorrect→ worse incorrect 5.0% 6.1%
correct→ incorrect 2.7% 16.7%
Table 2. Summary table for the transition matrix of Table 1. At left are the fractions of students
who got Question 18 on the FCI correct or incorrect before (pre) and after (post) instruction.
Different pedagogical approaches might be required to move students along the progression from one incorrect
answer choice to the next better one (i.e., moving from the worst to the second worst answer choice requires a different
approach than moving from the best incorrect answer choice to the correct answer choice). Indeed Table 1 shows that
the instructor was more successful in moving his students from answer choice E to answer choice D (the second best to
the best incorrect answer choice), at a rate of 18.4%, than in moving them from answer choice E to the correct answer
choice B, at a rate of 14.5% of the total population. Said another way, 43% of students who started with answer choice
E moved to answer choice D while only 34% moved to the correct answer choice. By considering not just the fraction
of students who get this item correct but also the hierarchy of answer choices, we see an improvement in student
understanding after instruction that was not apparent from the traditional dichotomous scoring approach. The most
persistent incorrect answer, choice D, deals with the misconception that a force is needed to keep the boy in the problem
moving. While this “force” is incorrect, this answer choice represents an improvement from the pre-test selection of
answer choice E, which states that a force is needed to keep the boy moving and confuses centripetal and centrifugal
force. The instructor still might ask what he/she could do differently the following year to help more students move
from answer choice E to the correct answer choice.
3
Concept and Misconception Analysis
In addition to the transition matrices described above, the spreadsheet tool also provides instructors feedback on
the concepts their students have mastered and misconceptions that are most common among their students as based
on the taxonomies found in Hestenes et al.7 (using the 1995 revised Tables I and II). Such a report, used prior to
instruction, could help instructors identify those topics on which they should spend the most time during class as well
as those already mastered by their students, on which they need not spend much time (if any). Used after instruction,
instructors could quickly identify areas that either the text or their lesson plans led to adoption more strongly of
particular misconceptions, which then allows the instructor to revise his/her lesson plans to mitigate or correct any
introduced confusion.
Available Resource for Instructors
A spreadsheet that computes the transition matrices based on item-level data entered by the instructor is available
on the American Modeling Teachers Association webpage at https://modelinginstruction.org/effective/evaluation-
instruments/fci-transition-matrix-tool/.
Adopting Transition Matrices Approach for Another Assessment
We also note that the basic tool could be adapted for use with other diagnostic instruments and within disciplines other
than physics. For each question, construct the item response curves (IRCs), rank the answer choices, and then construct
the transition matrix. Discernable from the IRCs, the transition matrices approach requires that the wrong answers
function as distractors—rather than being random answer choices. If the new assessment has 5 answer choices per
question, then one only needs to update the ordering of the answer choices on the spreadsheet; a different number of
answer choices will require programming changes to the spreadsheet macro.
Summary
We have introduced an openly available tool that practitioners can easily implement with a widely used diagnostic
(i.e., the FCI) to improve instruction. The tool enables instructors to receive feedback not only at the beginning of the
semester based on which concepts and misconceptions require the most attention, but also from one iteration of the
course to the next based on the transitions in understanding of Newtonian mechanics their students are making as the
result of instruction. Secondarily, this paper introduces an approach that can be adapted to other diagnostics in physics
and other fields.
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